ABSTRACT This paper compares the performance of three different materials and processing techniques suitable for low-loss mm-Wave components. The comparison is made by fabricating the same 2D photonic crystal structure in the W-band. Rogers RT/duroid R 6010.2LM and high resistive silicon are milled and etched, respectively. In addition, a novel technique consisting of 3D printed alumina is tested and its performance is compared with the technologies and materials above, which all have similar relative permittivities of around ten. The material characterization is carried out by means of high-Q resonator samples integrated into 2D photonic crystal structures. The results of these samples prove the high material purity and low loss of the 3D printed alumina structures, which opens up the use of this technology for high-permittivity low-loss mm-Wave components.
I. INTRODUCTION
High quality (-Q) resonators are a key component for the realization of several electromagnetic devices such as filters [1] and sensors [2] - [4] . Among the multiple processing techniques available for the fabrication of such resonators, material losses, size and integration possibilities of the resonator with other system components are the criteria to decide for the adequate resonator topology.
In case of frequencies around 100 GHz and above, the use of metals for the realization of high-Q resonators becomes increasingly unappealing due to two factors related to the reduction of the skin depth:
1) The conductance of metals decays with the square root of the frequency and 2) The magnitude of the skin depth may be lower than typical surface roughness values so that the effective length traveled by the guided electromagnetic waves becomes larger than the geometrical distance. Alternatives to metal, such as most high-permittivity dielectric materials commonly used for microwave frequencies,
The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. result in higher losses at higher frequencies and consequently cannot be used for the realization of high-Q resonators. The use of low-permittivity dielectric materials is also associated with challenges such as high radiation of the low order resonance modes. Although higher-order, high-Q modes are feasible with low-permittivity materials, a higher mode density and the increasing size of the resonators are the main drawbacks, limiting the range of applications of such resonators. Still, alumina (Al 2 O 3 ) [5] and high-resistive silicon (HR-Si) [6] present a higher relative permittivity of approximately 10 and loss factors of tanδ < 0.002 at 100 GHz, allowing for the realization of compact resonators with quality factors of several hundreds.
In general, in order to integrate any structure in a circuit, packaging plays a key role to assure that the component is properly connected to other system components and that its performance is not much affected by the environment. For the case of dielectric high-Q resonators, any support or holding structure in the near field of the resonator will influence its resonance frequency and quality factor. This effect reduces the performance of the component and often results in a trade-off between mechanical robustness and quality factor. Still, with the proper design, high-Q factors near to the material quality factor can be achieved as in [7] .
In this context, photonic crystals (PCs), well-known in the optics community, show nice properties for the integration of several components within one platform. Periodic defects in a dielectric material with a period of half a wavelength create a stop-band around the associated frequency. Such defects are often created by holes in a 2D wafer of a certain low loss material and the bandwidth and steepness of the stop-band mainly depend on the size of the holes and the permittivity change between the material and the hole [8] . Previous studies have demonstrated the possibility of designing components such as waveguides [9] , dielectric resonator antennas [10] and high-Q resonators by using HR-Si PC structures [11] .
In this contribution, the suitability of a novel 3D printed process for the realization of alumina mm-Wave components is investigated. The characterization is performed by the design and measurement of a high-Q resonator in a PC structure. For comparison, the same structure is fabricated by using two additional materials with a similar permittivity: Rogers RT/duroid R 6010.2LM as an easy to shape, low-performance material and HR-Si as a high-end solution. Each of these materials, due to their different mechanical properties, are handled differently. The Rogers 6010.2LM substrate is milled and etched, showing an easy way of rapid-prototyping at the expense of higher material losses. HRSi is etched by deep reactive ion etching (DRIE) as in other publications, showing excellent accuracy and material properties. The result of this study highlights the excellent geometrical and electrical characteristics of the 3D printed substrate, showing the potential of this novel method for the processing of components in the mm-Wave and low-THz frequency range.
II. HIGH-Q RESONATOR DESIGN
To compare and evaluate the different materials and processing technologies for the manufacturing of high-performance mm-Wave components, a high-Q resonator structure is designed as a demonstrator sample. It consists of a twoport device with a dielectric waveguide embedded in the PC structure. A direct connection between both ports is avoided by the PC structure and the resonator is placed between both ports. In an equivalent circuit, the resonator is placed in series with the transmission line, so that there is a maximum transmission from the input to the output port at the resonance frequency. The materials used for the PC structure have relative permittivities, r between 9.5 and 11.68, and the holes are not filled with any material, r = 1. Design considerations and simulations performed to test the suitability of the design for a wireless readout of the resonance frequency of the high-Q resonator are presented in [12] . The dimensions can be seen in Fig. 1 and Tab. 1.
III. PROCESSING TECHNIQUES A. MILLING
For the resonator manufactured by milling, a highperformance Rogers 6010.2LM substrate with 0.625 mm thickness and a 17.5 µm copper cladding on both sides has been used. The electrical properties defined by the manufacturer are summarized in Tab. 2 [13] . The machine used for milling is an LPKF Promat S100. Afterward, the copper cladding has been removed by standard etching techniques. The result is shown in Fig. 2 .
B. 3D PRINTING
For the realization of the alumina samples using additive manufacturing, the Lithography-based Ceramic Manufacturing (LCM) technique is employed using a Lithoz CeraFab 7500 system. For the building process of the green body, a LithaLox HP500 cross-linkable dispersion containing aluminum oxide particles is used. Each layer of the green body is implemented by cross-linking the dispersion sequentially on a build platform using an exposure time of 1.2 s with an energy of 110 mJ/cm 2 . After the additive manufacturing process, the residue of the LithaLox HP500 dispersion is immediately removed from the green body using an airbrush system, and the part is then hardened in a UV chamber for 2-5 minutes. The printed green body is converted into a ceramic part by thermal post-processing. For our case, this step is started with a preconditioning cycle with temperatures of up to 120 • C and heating rates in the 0.2 K/min range for up to 3 days. This is followed by a debinding cycle, which removes the cross-linked polymer from the sample by pyrolysis. This temperature step uses temperatures of up to 1100 • C and heating rates of up to 1 K/min for up to 5.8 days. The actual sintering of the ceramic particles takes place in a final temperature step, using temperatures of up to 1600 • C with heating rates in the 0.8 K/min range for up to 4.3 days. The resulting ceramic alumina PC resonator is shown in Fig. 3a . A detailed Scanning Electron Microscope (SEM) image of the part surface is illustrated in Fig. 3b , indicating the excellent ceramic quality, without any voids or visible porosity.
C. DEEP REACTIVE ION ETCHING
Several silicon PC resonators are manufactured from 200 mm HR-Si wafers with a resistivity greater than 10 k cm and a thickness of 725 µm using microelectromechanical fabrication techniques. Through-wafer Deep Reactive Ion Etching (DRIE) is used to etch the PC structure with nearly vertical sidewalls. As a soft mask for DRIE, a 12 µm thick layer of photoresist is spin coated onto the wafer, which is patterned by using photolithography. The wafer is covered with a UV curable tape on the backside, which serves as an etch stop layer for the subsequent trough-wafer DRIE etching step. The PC structures are surrounded by 200 µm wide trenches for separation of the resonators. The width of the trenches is adjusted to maintain a constant open area, i.e., a constant etch rate over the whole wafer. For handling reasons, the resonators remain connected to the wafer after etching via narrow bars. After plasma resist stripping and detaching the tape from the backside, the PC resonators are cleaved out of the remaining wafer. The results can be seen in Fig. 4 .
IV. RESULTS AND DISCUSSION
The fabricated structures can be seen in Fig. 5 . During the measurements, the PC resonators are mounted in PVC structures, which can be easily aligned and connected on both sides to WR-10 rectangular waveguide ports as shown in Fig.6 . These support structures hold the PCs in the parts where no electromagnetic energy propagates, i.e., with no significant effect on the performance. In addition, all the manufactured structures have been evaluated with an SEM to measure their geometrical properties, which are summarized in Tab. 2. Simulations are performed with this geometrical data in combination with literature information on the electrical material properties.
A comparison between simulation and measurements is shown in Fig. 7 . Very good agreement is achieved for the stop-band, as well as for the resonance frequency in the case of the alumina and HR-Si structures. For the case of the Rogers 6010.2LM substrate, a strong frequency shift of 15 % is observed. Due to the magnitude of the shift and the fact that the resonance frequency and the PC stop-band are shifted to lower frequencies, a variation of the material electrical properties is assumed. The material relative permittivity in the simulation is increased to 13.8 to fit the resonance frequency of the resonator. The reason for such a shift could be an increase in the material density near the milled holes, although the verification of such a statement remains out of the scope of this paper.
The measured quality factors are the loaded quality factor, Q l , the radiated quality factor, Q rc , and the unloaded quality factor, Q u . The radiation quality factor, Q rc , is obtained from the simulated 3 dB bandwidth of the resonance with lossless VOLUME 7, 2019 FIGURE 5. Fabricated PC waveguides (left) and resonators (right). The materials are, from top to bottom, Rogers 6010.2LM, alumina and HR-Si. FIGURE 6. PVC support structures for the connection of the photonic-crystal structures to WR-10 waveguide ports. a) PC held on both sides and b) connected to the WR-10 ports. c) PC held just on one side. The PVC structures only contact the PCs on the sides, where very little energy (< 30 dB) is propagated due to the stop-band effect of the PC, i.e., their influence on the performance is negligible. materials and includes the effects of the waveguide coupling and the radiation of the resonator. The loaded quality factor, Q l , is obtained from the measured 3 dB bandwidth of the resonance and contains the same loss mechanisms as Q rc plus the material losses. With these two parameters, the material losses can be calculated by
In Tab. 3, these parameters and the resonance frequencies of the different tags are summarized. The subindexes 's' and 'm' stand for simulated and measured, respectively.
Due to the method used for the derivation of the material losses, strong deviations of the given Q u and tan δ could The relative permittivity and the measured dimensions of the structure are summarized in Tab. 2. A shift of the resonance frequency below 1 % is observed for the alumina and HRSI samples, demonstrating the purity of the 3D printed alumina and the accuracy of the processing techniques. In case of the Rogers structure, the simulated relative permittivity is increased to 13.8 for a proper comparison. occur if the simulated quality factor, Q rc, s , would vary due to inaccuracies. This is especially true for the case for alumina and HRSi due to the small difference between the simulated, Q rc, s , and measured, Q l, m , quality factors in Eq. 1. Still, due to the good agreement between these results and literature [5] , [6] , it can be stated that the employed 3D printing method highly preserves the electrical properties of alumina realized with classical processing techniques.
V. CONCLUSION
In this contribution, the low-losses and good performance of 3D printed alumina have been demonstrated. For its study, high-Q resonators in a 2D PC structure have been manufactured with 3 different materials and processing techniques. The alumina performance is similar to the material data obtained from literature and demonstrates the material purity obtained after the 3D printing process. To the authors' knowledge, this is the first use and characterization of 3D printed alumina for mm-Wave components. The positive results may encourage its use in numerous other applications due to the excellent material properties and the great layout flexibility of the 3D printing process. GERD VOM BÖGEL, received the Diploma degree in electrical engineering and the Dr.Ing. degree from the University Duisburg in 1992 and 1999, respectively. He joined the Fraunhofer Institute for Micro-electronic Circuits and Systems in Duisburg working in the field of system design technique for embedded systems, where he is currently responsible for the development of transponder and RF systems. VOLUME 7, 2019 
